Systemic sclerosis (SSc) is presumed to be an immunemediated vasculopathy of unknown etiology. SSc is unresponsive to most immune-modulating therapies except for intravenous cyclophosphamide, which is reported to demonstrate some benefit. We, therefore, dose-escalated cyclophosphamide to 200 mg/kg and added rabbit ATG 7.5 mg/kg along with infusion of unselected hematopoietic stem cells to minimize the cytopenic interval. Engraftment occurred rapidly (day 8) with minimal unexpected toxicity, no infections, and unexpectedly rapid improvement in the modified Rodnan Skin Score.
plantation Systemic sclerosis (SSc) is a disease with prominent vascular pathology associated with vasospasm (Raynaud's phenomenon), impaired vascular relaxation, elevated endothelium von Willebrand factor, telangiecstasias, and vascular obliteration resulting in organ damage. 1 Skin and visceral fibrosis may be the end result of this vasculopathy. An auto-or alloimmune-mediated pathogenesis, although unproven, has been speculated due to association of SSc with other autoimmune disorders, occurrence of autoantibodies (eg antitopoisomerase I, anticentromere antibodies, antipolymerase III antibodies), 2 and occurrence of lymphocytic mixed chimerism. 3 SSc with diffuse skin involvement and/or affected visceral organs has a morbidity of approximately 12% per year or 60% in 5 years. 4 Hematopoietic stem cell transplantation (HSCT) has, therefore, been initiated as a possible new therapy for this difficult patient population. 5, 6 Methods Patients are eligible if less than 65 years of age with an established diagnosis of diffuse cutaneous scleroderma and a modified Rodnan Skin Score (mRSS) 7 of 414 and any of the following: (1) diffusion limiting capacity of carbon monoxide (DLCO) o80% of predicted or decrease in DLCO of 10% or more over 12 months, (2) active alveolitis on bronchoalveolar lavage, (3) pulmonary fibrosis or alveolitis on CT scan or chest radiograph, (4) sedimentation rate X25 mm/h, (5) abnormal electrocardiogram showing nonspecific ST-T-wave abnormalities, low QRS voltage, or ventricular hypertrophy, or (6) scleroderma-related renal disease not explained by infection or other causes manifest as proteinuria (4trace on dipstick), hematuria (urine blood on dipstick), or hypertension requiring antihypertensive medications or a diastolic blood pressure 495 mmHg. Candidates are excluded from treatment for a poor performance status (ECOG42), left ventricular ejection fraction o40%, untreated life-threatening arrhythmia, active ischemic heart disease, heart failure, pulmonary artery pressure 445 mmHg, serum creatinine 42.5 mg/dl, or transaminases 43 Â normal.
Hematopoietic stem cells (HSC) were mobilized with 2.0 g/m 2 of cyclophosphamide and beginning 72 h later 10 mg/kg per day G-CSF. HSC were collected with a Cobe Spectra apheresis instrument (Lakewood, CO, USA) upon rebound of the absolute neutrophil count to more than 1000/ml (usually day 10 after cyclophosphamide). The conditioning regimen was cyclophosphamide 200 mg/kg divided into 50 mg/kg per day on days À5, À4, À3, À2 and rabbit ATG (Sangstat) 7.5 mg/kg divided into 1.5 mg/kg per day on days À5, À4, À3, À2, and À1. Methylprednisolone 250 mg/kg was given 30 min prior to each infusion of ATG. Unselected peripheral blood stem cells were infused on day zero. If patients were on an angiotensin enzyme inhibitor (ACEI), it was held 24 h prior to stem collection in order to avoid apheresis-related hypotension. Lisinopril, an angiotensin inhibitor, was given during transplant to prevent steroidassociated renal crises. Antibiotic coverage for the first 6 months after HSCT is diflucan, acyclovir, and bactrim.
Disease activity is monitored by the mRSS, Health Assessment Questionnaure (HAQ), pulmonary function tests, high-resolution chest CT, echocardiogram, serum creatinine, and proteinuria. Assessments are performed prior to enrollment and then 6 and 12 months and yearly after HSCT.
Results
Four patients have been enrolled and three have completed HSCT. All patients had sufficient stem cells collected after a single apheresis. In the 2-week interval between mobilization and admission for HSCT, the patient's skin scores did not change. All patients had disease-related EKG abnormalities (inverted T waves) prior to HSCT and during HSCT mild pulmonary compromise requiring nasal prong oxygen for normal saturation was transiently required for two patients. There were no other non-hematologic toxicities. Engraftment, defined as an ANC over 1000/ml occurred on days 7, 8, and 9 for the three patients. The second patient never required a platelet transfusion. The other two patients received three single donor units/nine random donor units and three single donor units of platelets, respectively. The patients reported subjective improvement in skin elasticity beginning prior to hospital discharge. Notably, but of unknown significance, for the first time since disease onset, mRSS improved in all three patients (see Table 1 ).
Discussion
HSCT for scleroderma has been pursued in America by the Seattle consortium using a cyclophosphamide, total body irradiation (TBI), and ATG regimen. 6 Cyclophosphamide has some documented but limited efficacy in patients with scleroderma. 8 Therefore, escalation of cyclophosphamide in the conditioning regimen seems appropriate. On the other hand, radiation, whether localized or total nodal irradiation, has a troublesome history in scleroderma that includes multiple reports of worsening or accelerating scleroderma-related complications. O'Dell et al 9 terminated a trial of nonmyeloablative total nodal irradiation when the first three patients, despite profound immune suppression, clinically deteriorated. One patient died of gastrointestinal complications and the other two had permanent pulmonary deterioration despite the absence of direct radiation to the lung parenchyma. 9 In patients with SSC and a solid malignancy, irradiation of the tumor has been associated with lethal fibrotic complications that extend beyond the radiation portals. 10 In fact, scleroderma is considered a relative contraindication to breast irradiation in patients with breast cancer. 11 In contrast to the experience of using radiation in patients with cancer and scleroderma, a chemotherapy regimen of vincristine, melphalan, and cyclophosphamide used to treat a malignancy caused an incidental marked improvement of the patient's scleroderma.
12 Radiation (TBI) was, therefore, excluded from our conditioning regimen and instead cyclophosphamide was increased from 120 mg/kg as used in the Seattle regimen to 200 mg/kg as used in several other autoimmune disease HSCT regimens and as employed by most Europeans. For additional safety, because scleroderma affects the heart and lungs 13 and because cyclophosphamide-related cardiovascular stress can occur, patients with evidence of pulmonary artery hypertension (445 mmHg) are excluded and volume overload is carefully avoided during HSCT.
These patients demonstrated rapid subjective and objective improvement in skin flexibility. Similar observations have been made in patients treated with the Seattle protocol. There is no nontransplant therapy that has been reported to rapidly diminish skin tightness. Other important parameters such as survival and internal organ function will require longer follow-up and more patients. The reason for rapid skin improvement is surprising and unknown. The high doses of methylprednisolone that accompany the ATG infusions may influence the immediate post-transplant period. Besides the intense immune suppression that may terminate the cascade of inflammatory cytokines, the mobilization and infusion of stem cells and use of growth factors that mobilize stem cells into the blood may also contribute to neoangiogenesis. [14] [15] [16] Unselected marrow cells as well as AC133 + hematopoietic progenitor cells have been reported to differentiate into endothelial cells and improve ischemic peripheral vascular and coronary artery disease by neovascularization. [14] [15] [16] If as the current research suggests, hematopoietic stem cells contribute to the genesis of new capillaries, 17 conditioning agents should be designed to avoid further damage to marrow stem cells. TBI is cidal to marrow stem cells and only the limited number of infused hematopoietic stem cells given after TBI could contribute to both marrow repopulation and neoangiogenesis. In contrast, HSCs are resistant to cyclophosphamide-related toxicity and both the marrow stem cell pool as well as the infused HSCs could contribute to neoangiogenesis following a cyclophosphamide-conditioning regimen. Further research into HSC therapy for scleroderma, a notoriously treatment refractory disease, should continue to explore safe and effective immunesuppressive conditioning regimens as well as the role of stem-cell-induced neoangiogenesis as an independent mechanism of therapeutic benefit. 
